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Abstract Nucleic acids show immense potential to treat
cancer, acquired immune deficiency syndrome, neurological
diseases and other incurable human diseases. Upon systemic
administration, they encounter a series of barriers and hence
barely reach the site of action, the cell. Intracellular delivery
of nucleic acids is facilitated by nanovectors, both viral and
non-viral. A major advantage of non-viral vectors over viral
vectors is safety. Nanovectors evaluated specifically for
nucleic acid delivery include polyplexes, lipoplexes and
other cationic carrier-based vectors. However, more recently
there is an increased interest in inorganic nanovectors for
nucleic acid delivery. Nevertheless, there is no comprehen-
sive review on the subject. The present review would cover
in detail specific properties and types of inorganic nano-
vectors, their preparation techniques and various biomedical
applications as therapeutics, diagnostics and theranostics.
Future prospects are also suggested.
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Introduction

Nucleic acids, a special class of therapeutic agents, treat a
disease either by modifying the expression of a gene or
correcting an abnormal gene. Their applications in the treat-
ment of incurable human diseases like cancer [1], acquired
immune deficiency syndrome (AIDS) [2], neurological
diseases [3], ocular diseases [4] and many others have

generated immense interest amongst researchers globally.
Intracellular delivery of nucleic acids is a prime requisite
for their exploitation as therapeutic agents. This, however,
poses a serious challenge and is limited by their physico-
chemical properties. Naked nucleic acids cannot directly
enter the cell. Studies on naked DNA have shown that it is
cleared off substantially on first pass through the liver. The
uptake of naked DNA occurs by non-parenchymal cells,
mainly Kupffer cells, following interaction of DNA with
scavenger receptors for polyanions. Neutralization of DNA
is a proven strategy to minimize uptake by non-parenchymal
cells [5]. Direct plasmid injection is well tolerated and
requires minimal manipulations. Nevertheless, levels of
gene transfer observed are low. Although high expression
levels in murine muscles enough to induce desired immune
responses by ‘DNAvaccination’ are seen, transfection levels
in tumours are moderate and variable. Moreover, in vivo
data have shown regression of tumours following intratu-
moural delivery of a cytosine deaminase suicide gene [6].

Nanovectors, both viral and non-viral, as vehicles for
intracellular delivery are well reported in literature both for
xenobiotics and biopharmaceuticals. Commonly evaluated
non-viral vectors including liposomes [7, 8], lipoplexes [9,
10], polymeric nanoparticles (NPs) [11, 12], polyplexes [13,
14], cationic polysaccharides (chitosan derivatives) [15, 16],
dextran–spermine [17, 18]), acrylates [19, 20], dendrimers
[21–23] and polymeric micelles [24] are well reviewed.
Inorganic nanovectors present immense opportunity for the
delivery of nucleic acids because of their many specific
advantages like resistance to microbial attack, low toxicity
and good storage stability. Moreover, they are amenable to
easy surface functionalization for targeted delivery because
of their advanced chemistry. Multiple functionalizations are
also feasible because of their unique optical, electrical and
physical properties, and they may provide a solution for
many physical barriers of the cell that limit biomedical
applications [25]. Although extremely promising, reviews
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on inorganic nanovectors are limited. M. Epple et al. [26]
have reviewed the application of inorganic nanovectors for
intracellular delivery of nucleic acids while another review
discusses specifically the use of various inorganic nano-
vectors in cancer imaging and therapy [27]. In the
present review, we intend to present the state-of-the-art
inorganic nanovectors for nucleic acid delivery. The
review would cover the need for intracellular delivery
of nucleic acids, barriers to intracellular delivery, strat-
egies to achieve the same, specific properties and types
of inorganic nanovectors, their methods of preparation
and applications as therapeutic, diagnostic and theranostic
agents.

Need for intracellular delivery

Nucleic acids include biopharmaceuticals that may act in-
tracellularly in the cytoplasm (siRNA, mRNA, oligonucleo-
tides) or cell nucleus (plasmid DNA (pDNA), ribozymes,
DNAzymes) [28]. The various sites of action and mecha-
nism of action are schematically depicted in Fig. 1. Nucleic
acids can therefore elicit their action only when delivered
intracellularly. The mechanism of action of nucleic acids is
described in detail in [2, 30–42].

Nanovectors—overcoming barriers to intracellular
delivery of nucleic acids

Nucleic acids are hydrophilic, negatively charged, high
molecular weight compounds. Following intravenous (i.v.)
administration, nucleic acids have to traverse through the
plasma, across the capillary endothelium to the tissues to
finally enter the cells. During the course, they are prone to
rapid degradation by nucleases in vivo [43]. Nanovectors
have been extensively researched for their potential to
deliver nucleic acids intracellularly. Physicochemical
properties of these nanovectors profoundly influence their
capability to deliver nucleic acids into the cell and their
subsequent transfection. Properties like size, charge and
stealth need to be considered during developing these nano-
vectors [44, 45]. The various barriers to their delivery at the
site of action are succinctly depicted in Fig. 2 and discussed
below.

Serum as a barrier

Serum presents the first barrier following nucleic acid
administration (i.v.). The nucleic acid may undergo degra-
dation due to extreme pH, proteases and nucleases, the
immune defence and scavenger systems [46]. The surface
charge of the vector can greatly influence its stability in

serum. In vitro, a positive surface charge can facilitate its
binding to the negatively charged cell membranes and there-
by induce cell uptake. In case of in vivo applications, a
positive surface charge can attract the negatively charged
serum proteins such as serum albumin, lipoproteins or IgG
proteins, which may inhibit cell uptake. Zelphati et al. [47]
showed that non-specific interactions between cationic lip-
ids and serum proteins may cause neutralisation of the
positive charges resulting in reduced interaction with the
cell membrane and/or an increase in size leading to reduced
internalization efficiency. Neutralized complexes may un-
dergo aggregation resulting in lung embolism [48]. More-
over, nanoparticles that are smaller than the renal filtration
cutoff of 50 kDa or 5–6 nm are rapidly cleared from the
bloodstream by way of renal excretion [49]. Studies reveal
that opsonisation of nanovectors can be limited by including
cholesterol, or ‘stealth molecules’ such as gangliosides or
polyethylene glycol (PEG). PEG-modified phospholipids
increased liposome stability in blood and reduced rapid
clearance, thereby improving the biodistribution profile.
This can also inhibit scavenging by macrophages and
greatly improve in vitro colloidal stability [50, 51]. Poly-
plexes based on polyethyleneimine (PEI) and poly(2-
(dimethylamino)ethyl methacrylate) (PDMAEMA), respec-
tively, were covalently coated with PEG, resulting in eva-
sion of aggregation with blood components due to surface
charge shielding. Upon i.v. administration, these complexes
displayed enhanced circulation times and increased tumour
transfection [52, 53].

Vascular endothelial barrier

Large molecules like nucleic acids cannot readily pass
across the capillary endothelium to enter the extracellular
fluid that bathes tissue cells [54]. Transcytosis facilitated by
plasmalemmal vesicles or transport through pores or clefts
interspersed in the capillary endothelium represent two
transport pathways across the endothelium [55].

The cell membrane barrier

The cell membrane is a phospholipid bilayer membrane that
is hydrophobic and is negatively charged primarily due to
the carboxyl group of sialic acids of mucopolysaccharides
(N-acetylneuraminic acid, N-glycolylneuraminic acid and
others) and also due to presence of glycoprotein-based
structures like heparin, heparin sulphate and others. The
hydrophilicity and negative charge of the nucleic acid mol-
ecules prevents interaction with the hydrophobic and nega-
tively charged cell membrane. This hinders their subsequent
internalization into the cell [56–58]. Although physical
approaches, such as the hydrodynamics method, gene gun,
electroporation, sonoporation and laser irradiation, have
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been attempted for naked nucleic acid delivery, clinical
applicability of these methods is severely restricted by the
vulnerability of naked DNA to nuclease degradation in
systemic circulation [59]. Cellular attachment of the nano-
vector can be mediated by non-specific hydrophobic or
electrostatic interactions, or specific recognition by mem-
brane anchored receptor proteins eventually resulting in
transmembrane signalling, activation of the endocytic
machinery and finally endocytosis of the nanovectors
[28]. To promote cellular entry, polyplexes and lipo-
plexes are formulated by combining cationic polymers

or lipids, respectively, with anionic nucleic acids that
have an overall positive charge. These nanovectors in-
teract with anionic cell membrane, via electrostatic inter-
actions, which subsequently trigger internalization via
endocytosis [60].

Barriers within the cell

Internalization into the cell can occur through receptor-
mediated endocytosis, and nanovectors can modulate the
entry of nucleic acids either to the endolysosomal pathway

Fig. 1 Mechanism of gene silencing by various nucleic acids used in therapy [29]
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or into the cytoplasm [61]. Clathrin-mediated endocytosis
tethers to the lysosomal compartment leading to degradation
while caveolae lead to cytoplasmic delivery thereby en-
abling efficient transfection in case of mRNA, siRNA, oli-
gonucleotides etc. [62]. Following internalization, two
crucial events encompass membrane destabilization for re-
lease of nucleic acid into the cytoplasm and dissociation of
the nucleic acid from the nanovector [63]. Positively
charged polymers (PEI or PAMAM (poly(amidoamine))
dendrimers) can enable endosomal release of nucleic acids
by the ‘proton sponge effect mechanism’ [64]. Polymers like
PEI, PDMAEMA, PAMAM dendrimers, poly(amidoamine)s
and histidylated polylysine that have a buffering capacity at
pH 5 possess the intrinsic ability to destabilize endosomes.
This activity can be augmented by the addition of endosome
destabilizing compounds like chloroquine, poly-l-lysine
(PLL), lipids (dioleoylphosphatidylethanolamine) or
fusogenic peptides derived from viruses and artificial
amphipathic peptides [51, 53, 65]. Despite escape from
endolysosomal pathway, cytoplasmic nucleases, cytosolic
viscosity and dense organelles can also impede their move-
ment towards target sites [66]. Diffusion of DNA fragments
>250 bp is markedly diminished in the cytosol giving rise to
enhanced residence time of DNA in the cytoplasm which
can be deleterious as the DNA would be subjected to

degradation by cytoplasmic nucleases. Diffusion into the
nucleus would also be hindered. The decreased mobility of
DNA is ascribed to molecular crowding effects, as small
solutes diffuse relatively freely in the cytosol [44]. Polye-
thyleneimine (PEI)/DNA nanocomplexes have been shown
to be actively transported by motor proteins along micro-
tubules within the cytoplasm to enter the nucleus [67]. To
elicit effect following entry into the nucleus, by passing
nuclear membranes, the nucleic acid must be released for
further transcription and translation [63, 68]. Nucleocyto-
plasmic transport occurs via the nuclear pore complexes
(NPCs) which form channels in the nuclear envelope with
a diameter of ∼40 nm [69, 70]. The trafficking of pDNA into
the nucleus can be limited by the nuclear envelope due to
the slowly or non-dividing nature of most target cells. Nu-
clear localization signals (NLS sequences) primarily contain
basic amino acids and can be utilized for import of DNA
into the nucleus. Proteins like yeast GAL4 amino terminal
domain that contain the NLS are known to form stable
complexes with cytosolic factors called karyopherins a
and b, which are docked at the NPC and then translocated
to the nucleus [71]. A number of proteins of viral origin
especially those that contain highly basic sequences, rich
in arginines, show good DNA binding as well as act as a
good guide to the nucleus [72]. pH-sensitive liposomes

Fig. 2 Barriers for nucleic acid delivery [29]
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containing bovine serum albumin were successfully de-
livered to the cytosol and subsequently to the nucleus
after chemically conjugating the NLS of SV40 large T
antigen to the liposomes [73].

Targeted delivery of nucleic acids to specific sites can be
achieved through use of appropriate ligands in the nano-
vectors. Upon i.v. injection of a PEGylated form of
branched PEI with an RGD (arginylglycylaspartic acid)
peptide of siRNA into tumour-bearing mice, increased
siRNA uptake in the tumour was observed while there was
decreased uptake in the lung and the liver compared to the
‘naked’ polyplex. siRNA induced sequence-specific inhibi-
tion of vascular endothelial growth factor (VEGF) in the
tumour, resulting in the inhibition of both tumour angiogen-
esis and growth [74].

Nanovectors for intracellular delivery of nucleic acids

Currently, the emphasis is on nanotechnology (size range 1–
100 nm) because it offers advantages like improvements in
target-to-non-target concentration ratios, increased drug res-
idence at the target site and improved cellular uptake and
intracellular stability [75]. Nanovectors for nucleic acid
delivery must efficiently protect the genetic materials from
premature degradation in the systemic blood stream and
transfer the therapeutic genes to target cells. Broadly, these
nanovectors can be classified as viral (use of recombinant
viruses) and non-viral vectors.

Viral vectors

Viral vectors like retrovirus [76], adenovirus [77], adeno-
associated virus [78] and herpes simplex virus [79] are very
efficient transfection vectors. The presence of proteins on
the outer surface of viruses enables docking on specific
proteins in the cell membrane thereby facilitating cellular
internalization and hence higher transfection levels as com-
pared to the present generation of non-viral system. This
way viral vector enters directly in the cytosol or is present in
endosomal vesicles. In case of cellular entry by receptor-
mediated endocytosis, viruses have the capability to desta-
bilize the endosomal membrane upon acidification of this
vesicle [53]. Although these vectors are efficient transfec-
tion agents, their utilization needs to be carefully consid-
ered. Direct injection of an adenovirus vector into the
hepatic artery resulted in death of a patient in 1999. Recom-
binant viral vectors have shown significant problems, such
as short-term transgene expression, an inability to persist in
host cells, immunogenicity and toxicity [80]. Three clinical
trial participants developed leukaemia-like complications
post-retroviral-based gene therapy [19]. Other drawbacks
of viral vectors include limitations in the size of inserted

DNA and difficult large-scale pharmaceutical grade produc-
tion. For details on viral vectors for gene delivery, readers
are directed to [81–87].

Non-viral vectors

The earliest non-viral vectors to be investigated were the
cationic lipids followed by many cationic polymers of ami-
no acids, carbohydrates, dendrimers and, more recently,
nanovectors [88]. Cationic polymer and lipid molecules
can neutralize the negative charges of nucleic acids to form
condensed electrostatic complex, called polyplexes and lip-
oplexes, respectively. Cationic lipids consist of three struc-
tural domains: a cationic head group, a hydrophobic part
and a linker between the two domains. Some examples of
commercially available lipid reagents include N-[1-(2,3-
dioleyloxy)propyl]-N,N,N-trimethyl-ammonium chloride
[89–93], 2,3-dioleyloxy-N-[2(sperminecarboxamido) ethyl]-
N,N-dimethyl-1-propanaminium trifluoroacetate [94–97],
1,2-dioleoyl-3-trimethylammoniumpropane [9, 47, 98–102]
and dioctadecylamidoglycylspermine [103–106]. Cationic
polymers explored for gene delivery include PEI (high
transfection efficiency, high cytotoxicity) [107–111], PLL
(PLL polyplexes rapidly bind to plasma proteins and cleared
from circulation) [13, 14, 112, 113], cationic polysacchar-
ides (chitosan derivatives [15, 16, 21], dextran–spermine
[17, 18]) and acrylates [19, 20]. The cationic siRNA–poly
(DL-lactide-co-glycolide/LPEI micelles have been shown to
have superior intracellular uptake and enhanced gene silenc-
ing effect, compared to naked siRNA/LPEI complexes [24].
Dendrimers for gene delivery include the PAMAM [21–23]
and PPI dendrimers [114, 115] or the dendritic polylysine
[116]. The integration of viruses or viral peptides (to mimic
viruses) into traditional cationic-amphiphile-based carriers
gives rise to hybrid vectors. For example, the adenovirus
hexon protein enhances the nuclear delivery and increases
the transgene expression of polyethyleneimine–pDNA vec-
tors. Such hybrid vectors can also be found in [117–119].
Amphiphilic alpha-helical peptides, containing cationic
amino acids and polymeric nanoparticles, are also being
utilized for nucleic acid delivery [120]. Table 1 compares
viral and non-viral vectors.

Amongst the non-viral vectors, more recently, there is a
tremendous focus on inorganic nanovectors on which there
are limited reviews available. Inorganic nanovectors like
carbon nanotubes (CNT), noble metals, calcium phosphate
(CaP), quantum dots (QDs), magnetic, manganese phos-
phate, layered double hydroxides (LDHs) (anionic clay)
etc. show good promise for nucleic acid delivery and imag-
ing (theranostics) because of their characteristics like resis-
tance to microbial attack, low toxicity and good storage
stability. These inorganic nanovectors and their application
in nucleic acid are discussed in detail in the sections below.
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Inorganic nanovectors—how are they different?

Inorganic nanomaterials for intracellular delivery of nucleic
acid comprise of carbon nanotubes, noble metals, calcium
phosphate, quantum dots, magnetic, manganese phosphate,
layered double hydroxide (anionic clay) etc. Unique optical,
electrical, magnetic and/or electrochemical properties, mi-
crobial resistance and good storage stability and favourable
physicochemical properties like compatible sizes and shape
represent special features of inorganic nanomaterials. Capa-
bility of conjugating with molecular targeting ligands and
ease of integrating multiple functions have evoked their
widespread applications in biomedical fields including ther-
apeutic and diagnostic applications. Figure 3 depicts the
various inorganic nanovectors used for intracellular delivery
of nucleic acid. Cellular uptake of inorganic nanovectors
follows the same mechanism like other nanovectors.

Figure 4 portrays the cellular uptake pathways in healthy
and tumour tissues.

Preparation techniques

Methods of synthesis of nanovectors must enable manipu-
lation of composition, shape, size, drug loading and stabil-
ity. Furthermore, functionalization should be readily
facilitated using simplistic approaches.

Carbon nanotubes

CNT consist of a rolled sheet of graphite terminated by two
end caps similar to a half C60. Such CNT could be single-
walled (SWNT) or multi-walled (MWNT). SW generally
comprise monolayer graphene sheets while MW possess

Table 1 Comparison of viral and non-viral vectors

Features Viral Non-viral

Inorganic Organic (colloidal drug delivery to
be specific)

Application Therapeutics Therapeutics, theranostics and
diagnostics (inherent controllable,
optical and electrical properties of
materials used)

Therapeutics, diagnostics (provided
labelled to enable imaging)

In Vivo Efficacy Strong promoters for gene
expression but could also revert
to wild-type expression

Dependent on size, shape, surface
charge, surface chemistry and
surface-to-volume ratio

Dependent on size, shape, surface
charge, surface chemistry and
surface-to-volume ratio

Long-term effects

Toxicity High immunogenicity and
possibility of reversion to virus
of the wild type

Lack of biodegradability Dependent on the chemical
composition. Biodegradable
components suggest enhanced
safety

Exocytosis possible but at very low
rate for small particles

Large particles tend to accumulate in
cells

Transfection efficiency High Delivery is relatively low. Can be
facilitated by external magnetic
field, sonopheresis, temperature
effects. Can be enhanced by
attaching appropriate ligands

Delivery is higher with cationic
carriers. Can be facilitated by
sonopheresis, temperature effects,
pH modulation. Can be enhanced
by attaching appropriate ligands

Active payload Adequate High active payload possible for
selected ones. NPs are porous
(silica), network of channels (‘worm
like’-silica), internal volumes (nano-
tubes, rods etc.) interlayer spacing
(LDH) etc. as well as the chemical
linkages would append the loading

Depending upon matrix used the
payload varies. Hydrophilic or
hydrophobic

Nucleic acid incorporation Directly into capsid Hold the genes or biomolecules
through the surface functional
modifier. Loading is limited by the
particle surface area and
functionalization

Lipoplexes, polyplexes use
positively charged carriers for
nucleic acid incorporation by
ionic interaction
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several concentric layers [123]. They can easily pass
through plasma membrane and enter the cytoplasm to
deliver the nucleic acids. This direct translocation process
is termed as ‘nano-needle’mechanism. Depending on nature

of the functional groups covalently linked or non-covalently
complexed to the CNTs, CNTs follow either the nano-needle
mechanism or an energy dependent endocytic pathway
[124]. They possess high aspect ratio, ultralight weight, high

Fig. 3 Various inorganic nanovectors and their preparation techniques used for intracellular delivery of nucleic acid [121, 122, 129]

Fig. 4 Cellular uptake of inorganic nanovectors from healthy and tumor tissues
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mechanical strength, high electrical conductivity and high
thermal conductivity which make them very viable for bio-
medical applications [125]. CNTs can be primarily produced
by three major techniques: electric arc discharge (EAD),
laser ablation and thermal or plasma-enhanced chemical
vapour deposition (CVD) [126]. EAD system generates a
plasmon across carbon electrodes. This brings about depo-
sition of CNTs on a substrate. The anode constructed from
pure graphite results in MWNTs as the main product, where-
as the incorporation of nanometer-sized metal catalysts in
the anode material gives rise to SWNTs [127]. Laser abla-
tion involves generation of atomic carbon at T>3,000 °C
through laser irradiation of graphite, with appropriate cata-
lyst particles (Fe, Co or Ni) to form nanotubes [128]. CVD
process employs a mixture of hydrocarbon gas, acetylene,
methane or ethylene and nitrogen which is introduced into
the reaction chamber. Decomposition of the hydrocarbon at
temperatures 700–900 °C and atmospheric pressure occurs
leading to the formation of nanotubes on the substrate on
which catalyst particles are deposited [129]. CNT display
large surface area that can be easily functionalized and
loaded with nucleic acids and scaled up for industrial
production [130].

Silica nanoparticles

Silica nanoparticles have well-defined silanol groups at the
surface which offer many possibilities of modification for
site specific gene delivery [131]. The traditional approach
for design of silica nanoparticles is the sol–gel route. This
technique involves one synthetic step wherein a solution is
prepared containing the material whose nanoparticles are to
be prepared, dispersants which control particle/crystal
growth rates, surfactants, mixed metal oxide and metallic
compositions and the source for addition of functional
group. Generally crystal growth which influences the parti-
cle size is restricted by controlling the temperature and pH
during preparation. Hence, this is a suitable route for
laboratory-scale preparations. Yet another class of theranos-
tics includes the mesoporous silica nanoparticles (MSNs)
that possess unique features, such as tunable porosity, high
surface area, large pore volume, facile functionalization,
good biocompatibility, high physicochemical and bio-
chemical stability etc. [132]. In case of mesoporous
silica nanoparticles, an organic template like amphiphilic
surfactant within a sol–gel synthesis of silica or other
metal oxide particles is often used for synthesis. A mild
interaction between the template and the hydrolysing
and condensing silica species gives rise to an ordered
organic micellar template supported by an amorphous
silica wall. The mesoscale pores may be revealed there-
after by thermal calcination or solvent extraction of the
template [133].

Quantum dots

QDs are semiconductor NPs comprising elements from the
periodic groups II–VI or III–V (e.g. CdS, CdSe, ZnS, ZnSe,
ZnO, GaAs, InAs; sometimes in a core–shell structure), with
a size range of 2–10 nm in diameter. This limits the mobility
of charge carriers (electrons and holes) within the nanoscale
dimensions, and this quantum confinement confers QDs
with unique optical and electronic properties. QDs portray
an array of favourable features like broad absorption spectra
that can lead to Stokes’ shifts in excess of 100 nm; lifetimes
longer than 10 ns; very large molar extinction coefficients in
the order of 0.5–5.0×106M−1cm−1 and, often, increased
stability to photobleaching than many fluorophores [134,
135]. QDs are usually synthesized in different media, in-
cluding aqueous solution, high-temperature organic solvents
and solid substrates. Monodisperse QDs are usually made
from cadmium sulphide, cadmium selenide (CdSe) or cad-
mium telluride (CdTe), of which CdSe/ZnS is most com-
monly used for biological applications [136]. QDs are made
hydrophilic by silanization or surface exchange with bifunc-
tional molecule. The bifunctional molecule has a hydropho-
bic side (e.g. a thiol group) and a hydrophilic side (e.g. a
carboxyl group –COOH). The hydrophobic side binds to the
ZnS layer of the QD. Another strategy involves encapsula-
tion of QDs within phospholipid micelles, polymer beads or
shells, amphiphilic polysaccharides or block–copolymer
micelles [137]. Their aggregation can be prevented by use
of suitable capping agents which can also be functionalized.

Calcium phosphate nanoparticles

CaP is a naturally occurring inorganic material present in
teeth and bones. Hence, nanoparticles of CaP are non-toxic.
CaP precipitates can bind and encapsulate polyanions/
nucleic acids probably due to interaction between the calci-
um ions and the negatively charged phosphate groups in the
backbone of the nucleic acids by an easy and inexpensive
way. Such interactions provide enhanced protection to
nucleic acids from enzymes to enable intracellular delivery.
However, there may be uncontrollable rapid growth of cal-
cium phosphate crystal after preparation, resulting in the
formation of large agglomerates (>mm) that can drastically
decrease transfection efficiency [138, 139]. Various methods
used for the synthesis of these nanoparticles include wet
chemical routes, solid-state reactions and hydrothermal
reactions at elevated temperature, biosynthetic routes and
microemulsions [140]. The CaP nanoparticles can be pre-
pared by rapid mixing of an aqueous solution of calcium
nitrate (pH09) with an aqueous solution of diammonium
hydrogen phosphate (pH09). This is followed by mixing the
CaP dispersion with an aqueous solution of oligonucleotides
(CpG or polyinosinic–polycytidylic acid) and the addition
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of 100 μL of the model-antigen hemagglutinin (HA) (1 mg
mL−1) [141]. Another approach is microemulsion-based.
Microemulsions are produced spontaneously without the
need for significant mechanical agitation, thereby making
it a simple technique useful for large-scale production of
nanoparticles. Microemulsions have been used for synthesis
of variety of monodispersed nanomaterials such as metallic
and bimetallic nanoparticles, single metal oxide as well as
mixed and doped metal oxides, quantum dots and even
complex ceramic materials [142–146]. Nanocatalyst pre-
pared by w/o microemulsions has displayed better perfor-
mance (activity, selectivity) than those prepared by other
methods [147]. One such method utilizes sodium bis(ethyl-
hexyl)sulphosuccinate (AOT) in hexane solution containing
CaCl2 aqueous solution as microemulsion A. Microemul-
sion B consists of AOT dispersed in hexane with aqueous
solution of Na2HPO4 containing pDNA. Mixing of the two
microemulsions by continuous stirring results in generation
of nanoparticles that are subsequently washed with hexane,
redispersed in double-distilled water by sonication, dialyzed
and stored at −4 °C for further use [148]. In order to address
the issue of aggregation, many schemes have been worked
upon. CaP nanoparticles with a pre-coating agent, an
anionic phospholipid, dioleoylphosphatidic acid (DOPA)
have been utilized for siRNA delivery that resulted in
prevention of aggregation during the centrifugal separa-
tion with very small (25–30 nm) and hollow structured
nanoparticles [149]. CaP-NPs are relatively insoluble at
physiological pH (7.4), and its solubility increases below
pH 6. Dissolution of CaP-NPs is facilitated by pH
changes following cellular uptake to release the encap-
sulated agents [148].

Gold nanoparticles

Gold nanoparticles have controllable optical properties
termed surface plasmon resonance. They have received
much attention in nucleic acid delivery because of their
attractive features like straightforward synthesis, easy mod-
ification of surfaces with thiolated molecules and biocom-
patibility with cells or tissues [150]. The ‘top down’ and
‘bottom up’ are two widely used procedures for preparation
of gold nanoparticles (AuNPs). In case of the ‘top down’
preparation method, Au bulk is broken down by a strong
attack force, for example, ion irradiation in air or arc dis-
charge in water to generate AuNPs. These are usually used
in suspensions and stabilized by addition of suitable surfac-
tants. The ‘bottom up’ method involves wet chemical pro-
cess like chemical reduction of Au salts (most common
being aqueous reduction of gold salt by sodium citrate at
reflux), electrochemical pathways and decomposition of
organometallic compounds. Nanoparticles of various sizes
and shapes can be prepared by the chemical reduction

method which is simple and controllable [151–153]. Spher-
ical AuNPs of narrow size distribution in a broad size range
from 6 up to 200 nm can be obtained by reduction methods.
Alternative reducing agents like sodium borohydride or
carrying the synthesis out in organic solvents also can be
employed in order to obtain smaller NPs [154]. Other re-
ducing agents used include formaldehyde, ethanol, white
phosphorus, sodium citrate (for an average particle diameter
of 20 nm), ascorbic acid (12 nm), ethylenediaminetetraace-
tic acid (EDTA) (20 nm), sodium citrate in the presence of
tannin (5 nm), borohydride in a mixture with sodium citrate
or EDTA and cyanoborohydride [155]. In the one-pot pro-
tocol synthesis developed by Brust et al. [156], AuCl4

− salts
are reduced with NaBH4 in the presence of the desired thiol
capping ligand or ligands, wherein varying the thiol–gold
stoichiometry can give rise to range of core size of the
particles from 1.5 to ∼6 nm. Alternative methods used to
synthesize AuNPs comprise of physical reduction (hollow
Au nanostructures in large-scale), photochemical reduction
(cubic AuNPs), biological reduction (molecular hydrogels
of peptide amphiphiles for producing various shapes of
AuNPs) and solvent evaporation techniques (2D Au super
lattices) [157]. [158, 159] have proposed that non-spherical
AuNPs of varying shapes can be obtained from the aniso-
tropic growth of the nuclei or seed particles, primarily
facilitated by addition of surfactants like cetyltrimethylam-
monium bromide, sodium dodecyl sulphonate and poly
(vinylpyrrolidone). Song et al. [160] synthesized stable gold
nanoparticles by treating an aqueous HAuCl4 solution using
the plant leaf extracts of Magnolia kobus and Diopyros kaki
as reducing agents. Synthesis of gold nanoparticles, with a
particle size of 5 to 15 nm, using Zingiber officinale extract
which acts both as reducing and stabilizing agent and which
portrayed good blood biocompatibility and physiological
stability compared to the citrate capped nanoparticles is
reported. Biosynthesis of gold nanoparticles by plants such
as lemongrass, Aloe vera, alfalfa, neem, tamarind, Cinna-
momum camphora, Emblica officianalis, Mangifera indica
leaf, Hibiscus rosa-sinensis, Murraya koenigii leaf and Oci-
mum sanctum is also reported in literature [161, 162]. A
green procedure to synthesize gold nanoparticles in aqueous
solution using sodium citrate dihydrate as reducing agent
and stabilizer is reported [163]. Biological systems employ-
ing microorganisms like fungus Penicillium rugulosum
[164], Sclerotium rolfsii [165], Verticillium sp. and
Fusarium oxysporum; extremophilic actinomycete Ther-
momonospora sp. [166–168]; metal-reducing bacteria
Shewanella oneidensis [169] and Shewanella algae
[170]; marine alga Sargassum wightii [171]; alga
Tetraselmis kochinensis [172]; thermophilic bacterium
Geobacillus stearothermophilus [173]; yeast Yarrowia
lipolytica [174] among others for synthesis of gold
nanoparticles are also reported.
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Magnetic nanoparticles

This class of NPs includes metallic (Fe, Pt, Co, Ni), bimet-
allic (FePt, FeCo, FeNi) and superparamagnetic iron oxide
nanoparticles (SPIONs). Colloidal iron oxide nanoparticles,
such as SPION and ultra-SPION, are the most studied
magnetic nanoparticles (MNPs) for biomedical applications
due to their biocompatibility. They normally comprise of
magnetite (Fe3O4) or maghemite (γFe2O3) and are ease to
synthesize. These SPIONs can be fabricated by either top-
down (mechanical attrition) or bottom-up (chemical synthe-
sis) approaches. The solution chemical methods comprise of
standard iron chloride co-precipitation, co-precipitation in
constrained environments, thermal decomposition and/or
reduction, hydrothermal synthesis and polyol synthesis
[175]. The co-precipitation method involves the simulta-
neous precipitation of Fe2+ and Fe3+ ions in basic aqueous
media. The commercially available T2 contrast agents are
prepared by this method. During or after preparation, nano-
particles are coated with hydrophilic polymers like dextran,
PEG, chitosan, poly(vinyl alcohol) and their derivatives
amongst others to ensure physiological stability [176,
177]. Recently employed is the high-temperature decompo-
sition method. Controlled synthesis (size, shape, composi-
tion) is achieved by decomposition of organometallic
precursors hosting the desired element, in the presence of
surfactants (oleic acid, lauric acid, alkane sulphonic acids
and alkane phosphonic acids), in organic phase (toluene,
dichlorobenzene) and under inert atmosphere conditions.
Size can be controlled by varying reaction temperature or
by changing metal precursor. The use of oleic acid may give
rise to a hydrophobic surface which may be rendered water
soluble by synthesizing nanoparticles in organic media
through surface surfactant exchange or use of amphiphilic
polymer [178]. Magnetite nanoparticles can be surface
coated, dispersed into suitable solvents to form homogenous
suspensions called ferrofluids. With application of external
magnetic field, these ferrofluids can be positioned to
specific areas thereby enabling magnetic resonance imaging
(MRI) for medical diagnosis and AC magnetic field-assisted
cancer therapy [179, 180]. The use of Fe3O4 MNPs is
sometimes questionable due to their potential cytotoxicity
arising from the release of Fe3+ into the cellular environ-
ment. Coating iron oxide nanoparticles with surface modi-
fiers, such as 2,3-dimercaptosuccinic acid (DMSA), can
substantially overcome this cytotoxicity [181]. Table 2 lists
the methods for synthesis of SPIONS.

Layered double hydroxide nanoparticles

LDHs are a family of anionic clay materials, exemplified by
the natural mineral hydrotalcite [Mg6Al2(OH)16CO3·4H2O].
Most LDH minerals can be described using the general

formula [MII
nM

III(OH)2+2n]
+(Am−)1/m×H2O (n02–4),

where MII represents a divalent metal cation, MIII a trivalent
metal cation and Am− an anion. Structurally, cationic
brucite-like layers ([MII

nM
III(OH)2+2n]

+) are bound together
by the interlayer counter-anions as well as water molecules
[(An−)x/n mH2O] [201]. The most widely adopted method of
synthesis is direct synthesis that involves nucleating and
growing the metal hydroxide layer by mixing an aqueous
solution containing a mixture of two metal salts (MII+/MIII+)
and a base mostly sodium hydroxide. Variations of the
method include titration at constant or varied pH and buffered
precipitation [202]. Other methods of synthesis reported are
urea method; induced hydrolysis; reconstruction; sol–gel tech-
nique; hydrothermal, microwave and ultrasound treatments
and anion-exchange reactions [203]. LDHmaterials, especially
MgAl/LDH, are biocompatible; show high loading of anionic/
polar drugs, pH-controlled release of cargo, protection of
drugs in the interlayer and finely tunable particle size; display
low-cost preparation, less toxic to mammalian cells and can be
quickly absorbed by various cell lines based on the conjuga-
tion of specific antibody and biodegraded in the cytoplasm
[204, 205]. LDHs with their ability to exchange their interlay-
er anions can intercalate bioactive molecules such as nucleic
acids with high loading capacity [206, 207]. They primarily
enter cells via the most common energy-dependent endocyto-
sis, clathrin-mediated endocytic pathway [208].

Applications

The myriad applications of inorganic nanovectors in nucleic
acid therapeutics are detailed below. Table 3 summarizes the

Table 2 Methods for
synthesis of SPIONS Methods References

Gas phase deposition [182]

Electron beam lithography [183]

Laser ablation [184]

Laser-induced pyrolysis [185, 186]

Powder ball milling [187]

Aerosol [188]

Co-precipitation [189]

Sol–gel [190]

Microemulsion [191, 192]

Hydrothermal [193]

Electrochemical
deposition

[194]

Sonochemical [195]

Thermal decomposition [196]

Bacteria mediated [197, 198]

Protein mediated [199]

Fungi mediated [200]
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therapeutic applications of inorganic nanovectors in nucleic
acid delivery.

Carbon nanotubes

Various functionalized CNTs have been fabricated for the
purpose of nucleic acid delivery [240]. CNTs display strong
optical absorbance in the NIR region and hence used for
photothermal therapy [241]. CNTs functionalised with ei-
ther a fluorescent group (fluorescein isothiocyanate) or a
fluorescent peptide could move across a cell membrane
and showed nuclear localization. Plasmid DNA gene deliv-
ery into mammalian HeLa cells revealed 10-fold higher
uptake via the similarly-functionalised CNT vector than that
without using CNTs [242, 243]. Varkouhi et al. [130] have
shown two cationically functionalized CNTs (CNT-PEI and
CNT-pyridinium) for siRNA delivery, and they achieved
10–30 % silencing activity. Podesta et al. [244] demonstrated
greater tumour inhibition from intratumoural administration
of functionalized MWNTs (MWNT-NH3+) of a proprietary
toxic siRNA sequence (siTOX) as compared to that of
liposome of siTOX. This may be attributed to better trans-
location of CNTs across plasma membrane as compared to
that of liposomes. The ‘CNT spearing’ involves the trans-
portation of nickel (Ni)-embedded MWCNTs containing
DNA plasmids, including a green fluorescent protein
(GFP) sequence into the cell membranes which is driven
by an external magnetic field. This technique resulted in
higher transduction efficiency and higher viability after
transduction in Bal17 B lymphoma, ex vivo B cells and
primary neurons [245]. In hypoxic stress conditions,
tumour cells including pancreatic cancer cells overexpress
the hypoxia inducible factor 1 alpha (HIF-1α) transcription

factor, which regulates the transcription of many anti-
apoptotic genes giving rise to therapy resistance. SWCNT-
HIF-1α siRNA complexes could significantly inhibit the
activity of tumour HIF-1α in mice-bearing pancreatic tumour
cells [246].

Silica nanoparticles

Silica nanoparticles display favourable properties for gene
delivery like biocompatibility, low toxicity, easy preparation
and low polydispersity. Ultrafine silica NPs, functionalized
with amino groups, can effectively bind and protect plasmid
DNA from enzymatic digestion and enable cell transfection
in vitro [247]. MSN coupled with mannosylated polyethy-
leneimine enabled efficient transfection of plasmid DNA in
vitro to macrophages via mannose receptor-mediated endo-
cytosis [248]. Amino-functionalized MSNs containing large
cage-like pores, with an inner diameter of 20 nm and a
particle size of 70–300 nm, allowed successful adsorption
of about 150 μgg−1 MSN of firefly luciferase plasmid DNA
(5,256 bp) from phosphate-buffered saline due to attractive
interaction of the surface amino groups with the negatively
charged DNA and thereby protected it against enzymatic
degradation [249]. Amino silica nanoparticles (NH2SiNPs)
could greatly improve the inhibition efficiency of anti-
ODNs for the proliferation and survivin expression in HeLa
cells and A549 cells. The NH2SiNPs showed greater bio-
compatibility and were virtually non-cytotoxic at the con-
centrations required for efficient transfection as compared
with liposomes [250]. Bharali et al. [251] reported that
amino-surface-functionalized SiNPs could be efficiently
used for gene delivery. When SiNPs, plasmid DNA-
binding SiNPs and free plasmid were injected into mouse
brains, only plasmid DNA-binding SiNPs produced robust
gene expression, implying that the gene was very well
protected and transferred into the cell nuclei.

Quantum dots

Their favourable optical properties (highly efficient fluores-
cence owing to quantum confinement effects and a good
resistance towards photobleaching) make them useful for
biomedical imaging. Apart from imaging, they have also
been utilized for transfection. A PEGylated QD core as a
carrier, conjugated with siRNA and tumour-homing pepti-
des (F3) as functional groups on the QDs surface, enabled
efficient delivery of these F3/siRNA-QDs to HeLa cells and
QDs fluorescence facilitated monitoring of siRNA release
from endosomes. Moreover, siRNA attached to the particle
by disulphide cross-linkers showed greater silencing
efficiency than when attached by a nonreducible thioether
linkage [252]. Positively charged PEI was covalently
conjugated to the surface of QDs and complexed with

Table 3 Therapeutic applications of inorganic nanovectors in nucleic
acid delivery

Nanoparticles Active agent References

Noble metals Gene [209, 210]

Silica nanoparticles Peptide and protein [211]

Gene [212, 213]

Calcium phosphate
nanoparticles

Gene [148]

Oligonucleotide [214]

Plasmid DNA [215]

Carbon nanotubes Gene [216–219]

LDH Nucleotide, antisense DNA [220, 221]

siRNA [222]

PCR fragments [223]

Proteins and peptides [224–230]

Iron nanoparticles Gene (magnetofection) [230–234, 276]

Quantum dots siRNA, ODN [235–237, 252]

Aptamers [238, 239]
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cyanine dye labelled vascular endothelial growth factor
siRNA (cy5-VEGF siRNA), and Flourescence resonance
energy transfer (FRET) was achieved between cy5-VEGF
siRNA and PEI-conjugated QDs (QD625) which estab-
lished that PEI-conjugated QDs are efficient siRNA carrier
and can be used to analyze intracellular trafficking and
unpacking pathway as well as to effectively silence a target
gene [253]. The colloidal and chemical properties of QDs
can be refined for siRNA delivery, ensuing highly effective
and safe RNA interference and fluorescence contrast. This is
accomplished by converting the carboxylic acid groups on a
QD into tertiary amines thereby effecting endosomal release
of the siRNA through the proton sponge effect. Upon link-
ing these two functional groups to the surface of nanopar-
ticles, steric and electrostatic interactions arise that respond
to the acidic organelles, necessary for siRNA binding and
cellular entry. This not only enhances gene silencing activity
10–20-fold but also reduces cellular toxicity 5–6-fold. More-
over, QDs are innate dual-modality optical and electron mi-
croscopy probes thereby making possible real-time tracking
and ultrastructural localization of QDs during transfection
[254]. QD complexed with MMP-9-siRNA (nanoplex) could
downregulate the expression of MMP-9 gene in brain micro-
vascular endothelial cells that constitute the BBB reflected by
the upregulation of extracellular matrix proteins like collagens
I, IVand Vand a decrease in endothelial permeability thereby
maintaining the integrity of BBB in neurological diseases
such as HIV-1, AIDS dementia and cerebral ischemia [255].
Phospholipid-coated, CdSe/ZnS core/shell QDs conjugated to
plasmid DNAvia a peptide nucleic acid–N-succinimidyl-3-(2-
pyridylthio) propionate linker displayed enhanced expression
of green fluorescent protein in the presence of Lipofectamine
2000 that could be effectively monitored by fluorescence
microscopy, and the cellular uptake of QD—DNA conjugates
was monitored in real-time at the same time. There was 62 %
enhancement in transfection efficiency than unconjugated
plasmid DNA [256].

Calcium phosphate nanoparticles

Nanoparticles of calcium phosphate encapsulating pDNA of
size 100–120 nm portrayed higher transfection efficiency
than that of the commercial transfecting reagent Polyfect in
HeLa cell lines using pSVβgal as a marker plasmid [257].
Biodegradable calcium phosphate nanoparticles as carriers
for the immunoactive toll-like receptor ligands CpG and
polyinosinic–polycytidylic acid for the activation of den-
dritic cells combined with the viral antigen HA was able
to induce an antigen specific T cell response in vitro
[141]. Sokolova et al. [258] developed stable CaP NPs
of 100–200 nm in size by rapid precipitation followed
by immediate adsorption of DNA or siRNA, which
could transfect cells with a GFP plasmid or silenced

the expression of GFP in the treated cells. Poly(ethylene
glycol)-b-poly(2-methacryloyloxyethyl phosphate)/CaP/
pDNA nanoparticles are known to have great potential
as gene delivery carriers due to their high transfection
efficiency, low toxicity and good stability under physi-
ological conditions [259]. Nouri et al. [260] have shown
that CaP-SBF/DNA complexes that were prepared in
simulated body fluid displayed higher transfection effi-
ciency and showed reduced aggregation tendency of
CaP particles over time as compared to the nanopar-
ticles prepared in water. The CaP/DNA complex precip-
itates enter cells through endocytosis by forming an
intracellular vesicle. The vesicles merge with lysosomes
with subsequent release of the CaP/DNA particles into
the cytoplasm. The DNA molecules ultimately enter the
nuclei and facilitate gene transfer and expression [261].

Gold nanoparticles

Gold nanoparticles are known to be noncytotoxic, nonim-
munogenic and biocompatible. Intramuscular gold therapy
in human trials revealed marked clinical improvements in
rheumatoid arthritis patients [262, 263]. Thiol-modified
antisense oligonucleotides when directly conjugated onto
gold nanoparticles were able to regulate protein expression
in cells [264]. Nanovector was developed based on
dendrimer-entrapped gold nanoparticles (Au DENPs) that
showed much greater gene transfection efficiency than that
of dendrimers without AuNPs entrapped [265]. Polyvalent
AuNPs of siRNAs and oligoethylene glycol, markedly en-
hanced the stability of bound siRNAs, could release the
siRNAs in a controlled manner and exhibited extended gene
knockdown compared with lipofectamine transfected siR-
NAs [266]. Thiolated double-stranded (ds) DNA fragments
(enhanced green fluorescence protein, EGFP) directly con-
jugated to AuNPs using ligase-dependent strategy could be
digested by restriction enzymes and expressed as functional
proteins inside mammalian cells, demonstrating retained
activity of the dsDNA conjugated to AuNPs [267]. Kim et
al. [268] have revealed functionalized AuNP as a universal
carrier for the delivery of DNA oligonucleotides (oligos)
into the nucleus which when injected into a xenograft
tumour in a mouse model system resulted in inhibition of
tumour development by redirecting the alternative splicing
of the pre-mRNA. Plasmid DNA encoding for murine
interleukin-2 (pVAXmIL-2) complexed with positively
charged colloidal gold nanoparticles portrayed enhanced
cellular delivery and transfection efficiency of pVAXmIL-
2 into C2C12 cells as evident by higher murine IL-2 protein
expression compared to the PEI vectors [269]. It is well
established that gold nanorods exhibit strong and tunable
surface plasmon absorption in the near infrared (NIR) range.
Hence, Chen et al. [270] attached EGFP genes to the surface
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of gold nanorods by linking of thiolated EGFP DNA
through Au–S bonds. When femtosecond NIR irradiation
was applied to the gold nanorod–EGFP DNA conjugates, a
change of shape from rod to sphere induced DNA release in
HeLa cells (Fig. 5). Cationic gold nanoparticles prepared by
NaBH4 reduction in the presence of 2-aminoethanethiol
complexed with plasmid DNA containing a luciferase gene
enabled delivery of the gene into the target HeLa cells in
about 3 h [271]. Morais et al. [272] studied the biodistribu-
tion of AuNPs (∼20 nm) with different surface coatings:
citrate, 11-mercaptoundecanoic acid and three pentapepti-
des, Cys-Ala-Leu-Asn-Asn, Cys-Ala-Leu-Asn-Asp and
Cys-Ala-Leu-Asn-Ser, after i.v. administration to rats and
concluded that peptide capping lead to considerable increase
in hepatic uptake, thereby demonstrating the significance of
AuNPs functionalization in biodistribution. Functionalized
AuNP system for the delivery of AMOs (anti-miRNA oli-
gonucleotides)-miR29 was developed that successfully
blocked miRNAs, resulting in the upregulation of its
target protein, myeloid cell leukemia-1, a factor respon-
sible for promoting cell survival [273]. Functionalized
AuNP has been used to deliver small, highly structured
RNA aptamers specific to the β-catenin protein into the
nucleus of human cells more efficiently than liposome-
based delivery that resulted in nearly complete inhibition
of β-catenin binding to the p50 subunit of NF-κB in the
nucleus [274].

Magnetic nanoparticles

Iron oxide nanoparticles (IONPs) for delivery of therapeutic
DNAzyme for the treatment of hepatitis C was investigated,
and it could efficiently induce knockdown of hepatitis C
virus gene, NS3, that encodes helicase and protease which
are essential for the virus replication [275]. In vitro studies
based on COS-7 cells were carried out by Ang et al. [276]

using pEGFP-N1 and pMIR-REPORT-complexed, PEI-
coated iron oxide MNPs. pEGFP-N1 codes for GFP under
the control of a cytomegalovirus (CMV) promoter and
pMIR-REPORT contains a firefly luciferase reporter gene
under the control of a CMV promoter. Their experiments
reveal that the highest transfection efficiency was achieved
in normal magnetic transfection mode due to clustering of
the PEI AMNPs (aggregated MNPs) on the cells wherein
mechanism of magnetic transfection is endocytosis rather
than cell wounding. Intra-carotid administration of
polyethyleneimine-modified iron oxide nanoparticles
(GPEI) in conjunction with magnetic targeting resulted in
30-fold increase in brain tumour entrapment of GPEI com-
pared to that seen with intravenous administration and holds
great potential for gene delivery [277]. Chen et al. [278]
conjugated a T cell-specific ligand, the CD3 single chain
antibody (scAbCD3), to PEG-g-PEI stabilized IONPs for
gene delivery to T cells for immunosuppression that led to
16-fold gene transfection enhancement in rat T lymphocyte
HB8521 cells with low cytotoxicity, thereby effecting T-
lymphocyte-targeted immunotherapy which was success-
fully imaged by MRI. Antisense RNA was covalently
linked to cross-linked iron oxide NPs, and a cell pene-
trating peptide was used to facilitate transfection of ther-
apeutic siRNAs to human colorectal carcinoma tumours
in vivo and signifies the first targeted/siRNA MNP used
for therapeutic application [279].

Layered double hydroxides

The encapsulation of mononucleotides and DNA into Mg–
Al LDH by intercalation reaction ensured protection of
mononucleotides and DNA and enabled their complete re-
lease confirming it to be a potential carrier for gene delivery
[280]. Magnesium–aluminium LDH with a full gene and
promoter encoding GFP intercalated between layers of LDH

Fig. 5 Confocal microscope images showing the expression of EGFP
in HeLa cells after transfection with gold nanorod–EGFP DNA
conjugates in combination with NIR irradiation. The left image is the
bright-field image of cells (in white circles). The right-hand image

shows EGFP expression of the same cells under the fluorescent mode
of confocal microscopy [reprinted (adapted) with permission from
[270] Copyright (2006) American Chemical Society]
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upon delivery to 9 L glioma cells, JEG3 choriocarcinoma
placental cells and cardiac myocytes were able to internalize
the LDH nanoparticles and express the gene with some cell
lines having up to 90 % transfection efficiency [281]. Chung
et al. [282] have studied the intracellular trafficking pathway
of LDH nanoparticles in human cells and shown that it is
size-dependent. They propose that most 100-nm nanopar-
ticles could escape a typical endolysosomal degradation.
However, nanoparticles of about 50 nm followed uptake
by an endosome–lysosome pathway but were prone to exo-
cytosis. LDH(R1)/DNA plasmid complex has been shown
to be a promising approach for vaccination against tumour.
Intradermal immunization in C57BL/6 mice induced an
enhanced serum antibody response much greater than naked
DNA vaccine. This was further demonstrated in B16-OVA
melanoma tumour model, as evident by enhanced immune
priming and protection from tumour challenge in vivo [149].
Wong et al. [283] have efficiently delivered siRNA to cor-
tical neurons using LDH nanoparticles. siRNA–LDH com-
plexes were shown to be internalized by clathrin-dependent
endocytosis at the cell body and in neurites, and subsequent
release into the cytoplasm enabled effective silencing of
neuronal gene expression thereby displaying its potential
for neurodegenerative disease.

Theranostic applications

The integration of inorganic nanovectors in diagnosis and
therapeutics has resulted in their application as theranostics.
While the nanovector enables accumulation at the target site,
the special features of the inorganic nanovectors enables
visualization and real-time monitoring. Inorganic nanovec-
tors consisting of semiconductor QDs, magnetic nanopar-
ticles and gold colloids are readily visualized by different
imaging techniques that include fluorescence imaging, MR
imaging, photoacoustic therapy, surface enhanced Raman
spectroscopy, multiphoton luminescence imaging, X-ray
computed tomography (CT) [284, 285]. The high photo-
stability and brightness of QDs are their distinguishing
features that allow long–term acquisition of photolumines-
cence emissions with a good signal-to–noise ratio. More-
over, they have broader range of emission spectra from UV
to near infrared with larger absorption coefficients making
them suitable contrast agents for fluorescence imaging mo-
dalities including both single- and multiphoton microscopy
and for photoacoustic imaging [286, 287]. Iron oxide NPs
are biocompatible, inexpensive and possess superior mag-
netic properties due to which they are suitable contrast
probes for MRI [288]. Strong surface plasmon absorption,
stability, biosafety and ease of modification have rendered
AuNPs amenable to functionalization for both imaging and
therapy applications.

Silica particles can be organically modified in order to
self-assemble micelles wherein various biomolecules, detec-
tion agents, hydrophilic or hydrophobic dyes can be loaded
into the core. For instance, when FRETwas applied between
ethidium monoazide and another dye, ethidium homodimer-
1, inserted between the DNA and the surface of the silica
NPs, fluorescence microscopy enabled not only visualiza-
tion of the silica NPs entering into the cell but also uptake of
DNA into nucleus as it detached from the silica micelle.
Electrostatic attachment of DNA to the triethoxyvinylsilane
on the surface of the silica NPs ensured protection of DNA
from enzymes during intracellular trafficking [289, 290].
Multifunctional hollow manganese oxide nanoparticles
functionalized with therapeutic monoclonal antibody, her-
ceptin by a bio-inspired method, using 3,4-dihydroxy-L-
phenylalanine as an adhesive moiety, has shown good prom-
ise for cancer targeted delivery of therapeutic siRNA and
simultaneous diagnosis via MRI [291]. Wang et al. [292]
have proposed dual-purpose chitosan and PEI-coated mag-
netic micelles (CP-mag-micelles) for delivery of nucleic
acid-based therapeutic agents and also to provide MRI.
These ‘theranostic’ CP-mag-micelles are composed of
monodisperse hydrophobic SPIONs loaded into the cores
of micelles that are self-assembled from a block copolymer
of poly(D,L-lactide) and monomethoxy polyethylene glycol.
Superparamagnetic iron oxide nanoparticle-loaded with
water-soluble chitosan–linoleic acid nanoparticles (SCLNs)
could form gene complexes. Upon i.v. injection to mice,
they accumulated mainly in the liver as evident by nuclear
and magnetic resonance imaging (Fig. 6). SCLN/pEGFP
complexes were transfected into primary hepatocytes, where
GFP expression was observed in the cytoplasm and injec-
tion of the gene complexes into mice resulted in significantly
increased expression of GFP in hepatocytes in vivo. Addi-
tionally, administration of gene complexes loaded with spe-
cific siRNAs enabled efficient gene silencing [293]. A
superparamagnetic γFe2O3 nanocarrier was developed for
the delivery of a decoy oligonucleotide in human colon
carcinoma SW 480 cells to target the signal transducer and
activator of transcription 3 a key regulator of cell survival
and proliferation. Moreover, due to the nonlinear magnetic
behaviour of superparamagnetic nanoparticles, a new
method to quantify their internalization by cells is also
shown [294]. Lee et al. [295] developed a multifunctional
‘all-in-one’ magnetic NP that consisted of cell-specific tar-
geting moiety, a fluorescent dye and a therapeutic siRNA
payload enabling simultaneous targeting of images and dis-
eased cells. Kam et al. [296] prepared phospholipid–CNT
conjugates for both imaging and therapy wherein they
coupled siRNA to CNTs via a disulfide bond, which was
susceptible to enzymatic breakage in the endolysosome and
showed high transfection efficiency, as compared to lip-
ofectamine in inducing RNAi.
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Toxicity

The manifold applications of inorganic nanovectors for
nucleic acid delivery and imaging are also a cause of con-
cern. CNTs are non-biodegradable. Studies have demon-
strated that intraperitoneal injection of CNTs resulted in
carcinogenesis as high as asbestos [297]. Unpurified CNTs
generally can cause oxidative stress, depletion of glutathi-
one, an increase of dermal cell number, localized alopecia
and skin thickening in mice [298]. CNT toxicity may arise
due to several factors like oxidative stress induced by the
formation of reactive oxygen species (ROS) generated at the
surface of CNTs, residual catalyst during the CNT manu-
facturing process, physical contact between a CNT and a
cell, dispersant used for the stabilization of CNTs in suspen-
sion or blend of these factors [299]. Toxicity can occur due
to CNT/DNA interaction as shown in a 3-h incubation study
with 96 μg SWCNT/cm2, which induced DNA damage
(through micronucleus generation) in lung fibroblasts
[300]. CNTs are known to cause pulmonary inflammation
and fibrosis. Accumulation of eosinophils and neutrophils,
increase in inflammatory and cytotoxicity markers and

mechanical blockage in the lungs are other limitations.
There could be a significant increase in total bronchoalveo-
lar lavage cells, polymorphonuclear leukocytes and mucin.
Other components like IL-1β, protein, tumour necrosis
factor-α, lactate dehydrogenase levels may also increase
[301]. CNTs show genotoxicity and mutagenic effects like
micronucleus induction, chromosome aberration and DNA
damage [302].

SiO2 nanoparticles, 46 nm, showed similar cytotoxicity
as 15 nm SiO2 nanoparticles in the 10–100-mgmL−1 dosage
range, and both sizes of SiO2 nanoparticles were found to be
more cytotoxic than crystalline silica in the 50–100-mgmL–

1 range. This toxic effect was a result of ROS generation
leading to oxidative stress as evident by reduced glutathione
levels and the elevated production of malondialdehyde and
lactate dehydrogenase, indicative of lipid peroxidation and
membrane damage [303]. Silica nanoparticles are known to
cause endothelial cells ROS generation, which induces ap-
optosis via JNK/p53-dependent mitochondrial pathways. At
high concentrations, it can activate NF-kB due to oxidative
stress in endothelial cells, resulting in the upregulation of
CD54, CD62E, TF, IL-6, IL-8 and MCP-1 suggesting

Fig. 6 Nuclear images (a) of
mice at 30 min and 1 h after
injection of 99mTc-labeled
SCLNs. MR images (b) of the
middle part of the mouse liver
before and after injection of
SCLNs [293]
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possible development of cardiovascular diseases such as
atherosclerosis and thrombus [304]. Other authors have
demonstrated ROS-mediated induction of apoptosis in hu-
man liver cells, which is regulated through p53, bax/bcl-2
and caspase pathways [305]. Size-dependent genotoxic effect
of silica nanoparticles has been demonstrated wherein 16 nm
nano-SiO2 induced a greater formation of micronucleus than
60 and 104 nm nano-SiO2 [306].

Toxicity of QDs may arise from oxidative degradation of
its heavy metal core releasing metal ions, which bind to
sulfhydryl groups on intracellular proteins and disrupt the
function of subcellular organelles [307]. Although in vitro
cytotoxicity assays may provide vital information on the
toxicity of inorganic nanovectors, it cannot mimic cellular
signalling that occurs in vivo. This is exemplified by a
biodistribution study of quantum dots in isolated perfused
porcine skin, wherein a phenomenon of skin–quantum dot
interaction was observed which went undetected in vitro
[308]. QDs can activate the intrinsic mitochondrial apopto-
sis pathway, thereby increasing the risk for cardiovascular
diseases [309]. Cellular studies have shown 2.2 nm CdTe-
QD to be more toxic than larger, 5.2 nm particles [310].
Acute genotoxicity of CeSe/ZnS-QD in mammalian cells is
reported by using the Comet assay. They demonstrated that
genotoxicity of CdSe/ZnS-QD varied with the QD coating
material. 11-Mercaptoundecanoic acid coated QD was more
damaging than other particle coatings tested [311].

AuNPs (below 4–5 nm) can penetrate the nuclear com-
partment and bind to DNA resulting in potential toxicity.
Gold by virtue of being the most electronegative metal
exhibits high affinity to the negatively charged DNA
grooves. This is more prominent with NPs of about
1.4 nm diameter that perfectly matches the size of the major
DNA groove, resulting in strong potential toxicity of AuNPs
[316]. AuNPs caused oxidative stress in human lung fibro-
blasts after internalization, thereby inducing formation of
ROS which resulted in lipid peroxidation and malondialde-
hyde protein adducts [312].

Highly cationic MNPs, particularly those with PEI coat-
ing, exhibit poor stability in biological solutions. Moreover,
they reveal potential for in vivo toxicity [317]. Existence of
gas vesicles in SPION-treated cells (by staining with the
crystal violet dye) with increased granularity of the cells
suggested autophagy to be the possible cause of cytotox-
icity [313]. SPION–protein interaction can result in fibril-
lation, denaturation of proteins thereby exposing new
antigenic epitopes and loss of function which may even-
tually induce a new immune response [314]. Intratracheal
administration of iron oxide nanoparticles to mice resulted
in elevated levels of many inflammatory cytokines, in-
cluding interleukin-1 and tumour necrosis factor-α, as
well as increased expression of matrix metalloproteinases
and heat shock protein [315].

It is critical to elucidate the correlation between particle
characteristics (size, surface charge, surface chemistry,
shape), dose, route of administration and response of the
host immune system. Toxicity can arise due to cell-
nanovector interactions by probable mechanisms like in-
flammatory cell infiltration, cellular necrosis, ROS induced
apoptosis [318] etc. A vast discrepancy exists between in
vitro cytotoxicity assays and its extrapolation in vivo. The
need of the hour is to establish suitable toxicity study pro-
tocols that can accurately predict in vivo behaviour.

Future prospects

The immense potential of inorganic nanovectors in nucleic
acid delivery and theranostics is evident from the aforemen-
tioned illustrations. Despite the plethora of applications
reported, the question of safety of these nanovectors and
their impact on the ecology still prevails. Appropriate design
and fabrication of these nanovectors with suitable coating
agents, tailoring their physicochemical properties like size,
surface charge and surface chemistry, optimizing dose,
choosing the right kind of route of administration and tar-
geted delivery, can avert the toxic effects and improve their
safety profile. For instance, the use of various PEI-coated
IONPs reported for in vitro magnetic NP-mediated nonviral
gene delivery was not used for in vivo applications due to
probable cellular toxicity. PEGylated PEI was synthesized
and was found to overcome this limitation [279]. First
generation QDs utilized toxic Cd and Pb which are now
replaced with InAs/ZnSe and InAs/InP/ZnSe [319, 320].
QDs can be directed to a specific target by surface modifi-
cation with antibodies, peptides and small molecules, and
this holds good promise for gene delivery and imaging.
High-affinity peptide neurotoxin quantum dot nanoconju-
gates were used to image endogenous proteins in living cells
and ex vivo tissue. Moreover, intracellular delivery can be
mediated by attaching protein transduction domains such as
HIV TAT, Pep-1, polyarginine and SV40 T antigen to quan-
tum dots [321]. Huang et al. [322] have investigated multi-
functional nanoprobes for imaging and therapy. They
developed folic-acid-conjugated silica-modified gold nano-
rods X-ray/CT imaging-guided dual-mode radiation and
photothermal therapy. This system can be considered for
gene delivery and imaging.

The advent of inorganic nanovectors has unearthed new
gateways for development of multifunctional nanovectors
that integrate imaging (single or dual), therapy (one or more
actives) and targeting (one or more ligands) into one plat-
form. Future research should be directed towards develop-
ment of biocompatible, biodegradable nanovectors and
biosafe coatings to improvise the safety profile. Influence
of labelling on inherent properties of nanovectors must be
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considered. Nanotoxicology studies in vitro must extrapo-
late to in vivo events as efforts to abate toxicity are a prime
requirement. It is also important to keep in mind that
attempts to achieve targeting or minimize toxicity should
not compromise the functionality of these nanovectors.
Based on the existing scenario, addressing these numerous
factors can eventually dictate the transfer of these nano-
vectors from research laboratories to clinical settings.
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